Proteins conjugated by Lys-48-linked polyubiquitin chains are preferred substrates of the eukaryotic proteasome. Polyubiquitination requires an activating enzyme (E1), a conjugating enzyme (E2), and a ligase (E3). Occasionally, these enzymes only assemble short ubiquitin oligomers, and their extension to full length involves a ubiquitin elongating factor termed E4. Ufd2p, as the first E4 identified to date, is involved in the degradation of misfolded proteins of the endoplasmic reticulum and of a ubiquitin-␤-GAL fusion substrate in Saccharomyces cerevisiae. The mechanism of action of Ufd2p is unknown. Here we describe the crystal structure of the full-length yeast Ufd2p protein. Ufd2p has an elongated shape consisting of several irregular Armadillo-like repeats with two helical hairpins protruding from it and a U-box domain flexibly attached to its C terminus. The U-box of Ufd2p has a fold similar to that of the RING (Really Interesting New Gene) domain that is present in certain ubiquitin ligases. Accordingly, Ufd2p has all of the hallmarks of a RING finger-containing ubiquitin ligase: it associates with its cognate E2 Ubc4p via its U-box domain and catalyzes the transfer of ubiquitin from the E2 active site to Ufd2p itself or to an acceptor ubiquitin molecule to form unanchored diubiquitin oligomers. Thus, Ufd2p can function as a bona fide E3 ubiquitin ligase to promote ubiquitin chain elongation on a substrate.
I
n eukaryotes, short-lived proteins are degraded by the ubiquitin (Ub) proteasome system (reviewed in ref. 1) . Substrates of the proteasome include transcription factors, cell cycle regulators, signal transducers, and misfolded proteins generated under stress conditions. Protein ubiquitination is achieved by a multistep mechanism involving a cascade of enzymes. Ubactivating enzyme (E1) hydrolyzes ATP to form a high-energy thioester bond between its catalytic cysteine residue and the C terminus of Ub. Activated Ub is subsequently passed to a distinct Ub-conjugating enzyme (E2) by transthiolation. Finally, Ub is transferred to the -amino group of an internal lysine residue of a target protein by a Ub ligase (E3). Polyubiquitin chains can be assembled when additional Ub molecules are transferred, one at a time, to a lysine residue in the substrate-bound Ub molecule via an isopeptide bond linkage. In addition, with the assistance of an E3 ligase, certain Ub-conjugating enzymes can form Lys-48-linked Ub chains linked to its catalytic cysteine before transferring the assembled Ub chains to a substrate (2, 3) .
The essential components involved in the degradation of certain short-lived proteins have been identified in Saccharomyces cerevisiae by using a model proteasomal substrate consisting of a Ub moiety fused to the N terminus of a reporter protein. These components, which were designated as UFD1-5, represent the so-called UFD (Ub fusion degradation) pathway (4) . Interestingly, with the exception of Ufd5p, a transcriptional regulator of the proteasome (5), and of Ufd4p, a HECT (homologous to E6-associated protein C terminus) domain Ub ligase (6) , the other UFD proteins all interact with a conserved AAA ATPase (ATPase associated with various activities) named Cdc48p in yeast or p97 in mammals to regulate its activities in a subset of proteasome-dependent degradation pathways (7) . The role of Cdc48p/p97 in protein turnover is best characterized for the degradation of misfolded endoplasmic reticulum (ER) proteins, which occurs through a pathway termed ER-associated protein degradation or retrotranslocation. During this process, Cdc48p/p97 associates with the ER membrane to extract its client proteins (misfolded polypeptides undergoing retrotranslocation) out of the ER membrane and subsequently target them for degradation by the proteasome. The Cdc48p/p97-dependent retrotranslocation requires the function of at least two UFD proteins, Ufd1p and Ufd2p. Ufd1p associates with Npl4p to form a heterodimeric cofactor complex, which promotes substrate recognition by Cdc48p/p97 (8) (9) (10) ). Ufd2p appears to act downstream of Cdc48p/p97 to facilitate the transfer of ER-associated protein degradation substrates to Rad23p, a proteasome-associated Ub receptor (11) . Although Ufd2p is not essential for cell viability under normal conditions, its activity becomes critical under stress conditions in yeast (6) . Likewise, the Ufd2a ϩ/Ϫ mice lacking one functional copy of the Ufd2a gene, a homologue of Ufd2, develop a neurological disorder as a result of axonal dystrophy induced by ER stress. Mice deficient in UFD2a die in utero because of marked apoptosis in the developing heart (12) . Taken together, the major function of Ufd2 is probably to cooperate with Cdc48/p97 to maintain a stress-free environment for cells.
Ufd2p contains a U-box domain that is structurally related to the RING finger domain that is found in certain E3 Ub ligases (13, 14) . Ufd2 is capable of elongating Ub chains, an activity that is essential for its function in ER-associated protein degradation. In the presence of an E1, Ubc4p (E2), and Ufd4p (E3), a short Ub chain attached to a substrate can be further extended by Ufd2p. For this reason, Ufd2p is often referred to as an E4 enzyme (6) . It is unclear how Ufd2p promotes Ub chain elongation in conjunction with the HECT domain containing E3 ligase Ufd4p. A HECT domain E3 ligase usually accepts Ub from its cognate E2 and forms a thioester-linked Ub-E3 intermediate before transferring the attached Ub to a substrate. In contrast, RING finger E3 ligases usually associate directly with cognate E2 enzymes to promote the transfer of Ub directly from E2 to a substrate. RING finger E3 ligases can also mediate the discharge of Ub from the E2 active cysteine in the absence of a substrate. When excess free Ub molecules are present, the released Ub molecules can be linked to a lysine residue in these free Ub molecules, forming an isopeptide bond-linked diubiquitin molecule (15) . Whether Ufd2p also contains these activities is unknown.
Here we present the crystal structure of the full-length yeast Ufd2p enzyme. The structure has an elongated shape with a flexible U-box domain attached to it. The core region of Ufd2p consists of multiple irregular Armadillo-like repeats with two pronounced helical hairpin protrusions. The core region of Ufd2p is structurally reminiscent of importin ␣, a nuclear transport protein. Based on the CHIP/E2 complex crystal structure (16), we built a model of the Ufd2p/E2 complex that predicts interactions between E2 and the U-box domain as well as the core of Ufd2p. Biochemical experiments confirmed that Ufd2p binds directly to the E2 enzyme Ubc4p and furthermore revealed that its U-box domain is involved in the transfer of an E2-conjugated Ub to a free Ub and to Ufd2p itself. Thus, Ufd2p has the characteristics of a typical RING finger E3 ligase.
Results
Structure Determination. Crystals of the yeast Ufd2p, a 110-kDa protein consisting of 961 residues, were formed in space group P2 1 2 1 2 1 containing one molecule per asymmetric unit. The structure was solved by multiple-wavelength anomalous dispersion (MAD) phasing to d min ϭ 3.0 Å using selenomethionine substitution. Density modification and phase extension to d min ϭ 2.74 Å using data set Native2(Se) ( Tables 1 and 2 ) resulted in a readily interpretable electron density map (Fig. 1) . Iterative model building and refinement produced a model with good statistics and geometry (Table 1) . A higher-resolution data set was subsequently collected on a different crystal form in the same space group, but with a significantly different c cell axis (Tables 1 and 2 , Native1). The final refined model comprising 933 residues produced R free ϭ 27.6% and R ϭ 22.1% to d min ϭ 2.56 Å. A representative 2F o Ϫ F c A -weighted electron density map contoured at 1 is shown in supporting information (SI) Fig. 10 . The quality of the electron density map was excellent except for residues 27-35 and residues 707-718.
Overall Structure. Ufd2p (residues 1-879) has an elongated shape, Ϸ146 Å in length, Ϸ84 Å in height, and Ϸ70 Å in width (Fig. 2) . Based on sequence conservation (SI Fig. 11 ), the major body of Ufd2p can be approximately divided into two regions, consisting of residues 1-187 and 188-879, respectively. The highly variable N-terminal region consists of a short ␤-hairpin and eight ␣-helices. Helices ␣1 to ␣4 form a four-helix bundle, whereas helices ␣5 and ␣6 interact with ␣3 and ␣4 through hydrophobic contacts that are partly mediated by their connecting loops. The more conserved core region, residues 188-879, consists of a series of interacting helices with two pronounced helical hairpin protrusions (Fig. 2) . The C-terminal residues (884-947) form a U-box domain consisting of a short three-stranded ␤-sheet and two ␣-helices (Fig. 2) , which is connected to the major body by a five-residue loop. The structure of this domain superimposes well on that of the U-box of CHIP (16) with a rmsd of 1.1 Å out of 63 equivalent C␣ atoms. The U-box domain forms no direct contact with the major body of Ufd2p. We observed two conformations of the U-box domain in the two different crystal forms (Fig. 3) . Whereas the majority of the atomic coordinates between the two crystal forms are very similar (rmsd ϭ 0.6 Å for 829 C␣ atoms within residues 1-850), the U-box domain and helix ␣39 have rotated with a maximum displacement of 4.2 Å between equivalent C␣ atoms, indicating flexibility of the linker connecting the U-box domain to the core region. Clearly, the movement of the U-box domain is restricted by crystal packing contacts, so we expect an increased amount of conformational variability in solution.
The Conserved Core Region. The core region of Ufd2p contains 31 ␣-helices of variable lengths that are connected by loops of different size (Fig. 2) . Most of these helices form a compact unit that resembles a shallow-grooved, right-handed spiral, apart from the ␣19/20 and ␣32/33 helical hairpin protrusions, and helices ␣16 and ␣22. The helical packing pattern of the compact unit consists of five structurally repeating units that resemble tandem Armadillo (ARM) repeats, each of which comprises three ␣-helices formed by Ϸ40 aa (␣23-␣24, ␣25-␣28, ␣29-␣31, ␣33-␣34, and ␣36-␣38) (Fig. 4) . However, the Ufd2p repeating units are highly irregular, comprising multiple short helices and/or loops whose structural equivalent in ARM motif would be composed of a single helix.
Conserved Residues and Surface Features. As mentioned above, the N-terminal region of Ufd2p exhibits primary sequence variability, indicating that other Ufd2p homologues may adopt different structures in that region. The side of Ufd2p from which the U-box domain protrudes is more conserved compared with the other side (Fig. 5 ). There is a large continuous patch of conserved residues covering one side of the core region and part of one of the helical hairpins (␣32/␣33). In contrast, the surface residues of the N-terminal region of Ufd2p are not conserved apart from the spot that is formed by the termini of helices ␣14 and ␣17 and by the loop region around residue Lys-333 (white arrow in Fig. 5B) .
One of the two sides of Ufd2p is mostly covered by negatively charged amino acids, especially around the linker region between the U-box and the core region (SI Fig. 12 Upper). The other side has a mostly neutral charge distribution, except for two positively charged regions: the abovementioned conserved spot near Lys-333 and the area between the two helical hairpins (SI Fig. 12 Lower).
Structural Comparisons with Other Proteins.
A search for structurally related proteins of Ufd2p was performed with DALI (18) . The core region of Ufd2p shares significant structural similarity with the nuclear import factor importin ␣, which recognizes proteins that carry a nuclear localization signals to mediate their transport from the cytosol into the nucleus (19, 20) . However, in contrast to Ufd2p's irregular ARM-like motifs, importin ␣ consists of a series of regular ARM repeats. These repeating units form a superhelical structure with a shallow groove on one side that binds a nuclear localization signal-containing substrate Fig. 2 . Overall structure of Ufd2p. The two views are related by a 90°rotation as specified. The N-terminal region is colored blue, the core region is colored green, and the U-box domain is colored red. Selected ␣-helices are labeled. Fig. 3 . Conformational variability of the U-box domain. The structures from the two crystal forms were superimposed by using the atoms of the major body. Green, structure from Native1; red, structure from Native2(Se). (Fig. 6 ). The structural similarity between Ufd2p and importin ␣ raises the interesting possibility that the core region of Ufd2p is interacting with substrates or cofactors, such as Ub and Cdc48p.
E2-Ufd2p
Interactions and Ub Ligase Activities. We predicted a model of the complex between Ufd2p and its cognate E2 by superimposing the structure of the U-box domain of Ufd2p on that of the CHIP-E2 (Ubc13) complex (16) . CHIP is a U-boxcontaining Ub ligase that mediates the ubiquitination of a variety of substrates (22, 23) . Upon superposition of the U-box domains, the E2 of the CHIP-E2 complex fits well underneath a cleft located between the Ufd2p core region and its U-box, forming contacts with both the U-box and the core domain without steric clashes (Fig. 7) .
We tested the model of the Ufd2p/E2 complex by demonstrating a direct interaction between Ufd2p and its cognate E2 Ubc4p ( Fig. 8 A and B) and a reduced interaction between the U-box-deleted Ufd2p mutant and Ubc4p (Fig. 8C ). Thus, Ufd2p may act similarly to an E3 Ub ligase to mediate the transfer of Ub from Ubc4p to a substrate. To test this hypothesis, we developed a Ub turnover assay to monitor the single-round transfer of Ub from the active cysteine in Ubc4p to free Ub acceptors (Fig. 8D ). His-tagged Ubc4p purified from Escherichia coli was incubated with a low concentration of Flag-Ub in the presence of E1 and ATP. This charging reaction generated Ubc4p carrying a Flag-Ub moiety on its catalytic cysteine residue ( Mass spectrometry experiments showed that the highermolecular-weight species in the range of 35-37 kDa (marked by asterisks) were also ubiquitinated Ubc4p that contain extra Ub molecules (Fig. 8H , lane 1, labeled U5 and U6) attached to either a lysine or a noncatalytic cysteine residue, which was likely generated by Ubc4p autoubiquitination. The charging reaction was quenched by addition of EDTA and N-ethylmaleimide to prevent additional rounds of charging. The quenched reaction was further incubated in the presence of Ufd2p and excess untagged acceptor Ub. After incubation, a fraction of Flag-Ub molecules attached to the catalytic cysteine in Ubc4p was transferred to the untagged Ub acceptor, leading to the formation of unanchored diubiquitin molecules (Fig. 8E , lanes 5 and 6, labeled F-Ub-Ub). The two Ub molecules are likely linked via an isopeptide bond because the F-Ub-Ub band is resistant to treatment by a reducing agent (Fig. 8F ). As expected, no such diubiquitin molecules were formed in the absence of Ub acceptor or when a methylated Ub mutant was used as acceptor ( Fig.  8E) . Furthermore, the Ufd2p ⌬Box mutant did not yield the formation of unanchored diubiquitin (Fig. 8G , lanes 4-6). These data suggest that the U-box of Ufd2p promotes the discharge of Ub from the catalytic cysteine of Ubc4p, a property shared by RING domain E3 ligases.
Interestingly, a fraction of Ubc4p-conjugated Flag-Ub was transferred to a protein of Ϸ110 kDa to form a Ub ladder (Fig.  8 E and G, labeled Ufd2p-F-Ub (n) ; Fig. 8H , lane 1, labeled U1-U4). Because E1 and Ufd2p were the only two proteins that had the molecular mass of Ϸ110 kDa, we performed immunoblotting experiments to rule out that E1 was ubiquitinated (Fig.  8I ). Mass spectrometry analyses further confirmed that the Ub . Biotinylated Ufd2p or the Ufd2p⌬box mutant immobilized on streptavidincoated beads was incubated with purified Ubc4p. The precipitated material was analyzed by SDS/PAGE and Coomassie staining. Two salt conditions were used for binding: either 50 mM sodium chloride (lanes 4 -6) or 150 mM potassium chloride (lanes 7-9). Each input protein was also analyzed directly (lanes 1-3). (B) Another independent binding experiment using the 50 mM salt condition as in A. Ten percent of the reaction was also probed by an anti-T7 antibody immunoblotting (lanes 4 -6). (C) Amount of Ubc4p bound to Ufd2p or to Ufd2p⌬Box quantified from Western blots of three independent binding experiments (using the 50 mM salt condition). Results were normalized based on the amount of Ufd2p or Ufd2p⌬box present in the precipitated materials. Error bars show the standard deviation. (D) Schematic representation of the single-round turnover experiment. (E) Transfer of Ub from Ubc4p to an acceptor Ub. Ubc4p charged with Flag-Ub was incubated with excess untagged Ub in the presence of Ufd2p. Where indicated, the reaction was carried out with no Ub acceptor or with methylated Ub (Me-Ub). The double bands marked by asterisks are Ubc4p molecules conjugated with two Ub molecules with the upper one likely containing lysine-linked Ub and the bottom band carrying only cysteine-linked Ub. (F) The sample in E, lane 6, was analyzed under both reducing and nonreducing conditions. (G) The formation of diubiquitin molecules and Ufd2p autoubiquitination require the Ufd2p U-box. Experimental details are as in E. Where indicated, the Ufd2⌬box mutant was used. (H) Gel for mass spectrometry analysis. Experimental details similar to E, except that the reaction time was 1 h (lane 1) and the acceptor Ub was omitted from the reaction. Lane 2 was a mock reaction that contained everything, but not E1. The reactions were incubated with glutathione beads to remove most GST-E1. Ninety-five percent of the reaction was analyzed by Coomassie staining (Right), whereas the rest was analyzed by immunoblotting (IB) (Left). The bands labeled as U1-U8 were subjected to mass spectrometry analyses. (I) Experimental details are as in H. The Western blots show that GST-E1 is not ubiquitinated. molecules were indeed conjugated to Ufd2p (data not shown). As expected, Ufd2p autoubiquitination required its U-box (Fig.  8G ). Taken together, we conclude that Ufd2p has several hallmarks of a RING E3 ligase: direct association with its cognate E2, promotion of the transfer of E2-conjugated Ub to a free Ub molecule, and autoubiquitination.
Prediction of Interactions Between Ufd2, Cdc48p, and Rad23p. Biochemical studies suggest that Ufd2p binds Cdc48p via charged residues because the interaction between the two molecules is highly sensitive to salt concentration (24) . Yeast two-hybrid analyses showed that a segment between Thr-808 and Lys-856 in Ufd2p may be critical for its interaction with Cdc48p (11) . Within that region there are several conserved surface side chains: Asp-826, Glu-827, and Arg-828; Arg-844; and Glu-855 (SI Fig.  13 ). These residues are located near the C terminus of the core region of Ufd2p. The two proximal residues Arg-844 and Glu-855 are likely candidates for binding to Cdc48p because they are unobstructed by other domains and fully exposed, which may be required to accommodate the interaction with the 600-kDa Cdc48p.
The region in Ufd2p that is involved in Rad23p binding (1-380) (11) is less conserved. However, a conserved and positively charged spot stands out as a potential binding site for Rad23p, which includes residues Phe-326, Asp-328, Lys-333, Asn-380, and Phe-381 (white arrow in Fig. 5B ).
Discussion
Ufd2p is the first discovered member of the U-box domaincontaining protein family that is involved in polyubiquitination (22) . Ufd2p was initially termed E4 because it can cooperate with an E3 to extend a Ub chain on an oligoubiquitinated artificial substrate. Subsequent studies showed that Ufd2p may be also involved in escorting ubiquitinated proteins from Cdc48p to the proteasome for degradation (11) . During this process, Ufd2p appears to interact first with Cdc48p to upload polyubiquitinated substrates. Subsequently, the Ufd2p-substrate complex may dissociate from Cdc48p, allowing Ufd2p to bind and hand over substrates to Rad23p, a proteasome-associated factor.
The structure of Ufd2p provides some clues on how it can have such distinct functions. The large elongated body of Ufd2p is well suited for interactions with multiple binding partners. Furthermore, we have found an unexpected structural similarity between the core region of Ufd2p and the nuclear transporter protein, importin ␣, which may imply a transport function for Ufd2p. With respect to the polyubiquitination function of Ufd2p, Ufd2p also contains an U-box domain that is both structurally and functionally related to the RING domain in certain Ub E3 ligases. Based on the crystal structure of the complex between U-box domain of CHIP and E2 Ubc13 (16), we predicted a complex between Ufd2p and its cognate E2 (Fig. 7) . The modeled interaction between the U-box domain and E2 is similar to that between a RING domain and an E2 (25); in both cases a hydrophobic ridge on the surface of E2 inserts into a hydrophobic groove formed by a short ␣-helix and the tips of two hairpin turns on the U-box or RING finger surface.
The ability of Ufd2p to bind to Ubc4p (Fig. 8 A and B) and the structural similarity between the U-box and RING domains suggested that Ufd2p can act as an E3 Ub ligase. We tested this hypothesis by a single-round Ub turnover assay and found that Ufd2p functions by a mechanism similar to a RING domain Ub ligase. In particular, Ufd2p catalyzes the formation of diubiquitin by transferring Ub from an E2 to free Ub acceptors, a hallmark of a RING domain-containing E3 ligase. Furthermore, we found that Ufd2p can ubiquitinate itself in the presence of just E1 and E2. This is consistent with previous findings that mammalian UFD2 and other U-box proteins can catalyze the assembly of long polyubiquitination chains on themselves and heterologous substrates (26) . We therefore propose that Ufd2p can function as a bona fide E3 ligase.
In the work of Koegl et al. (6) , Ufd2p was classified as an E4 enzyme because Ufd2p cannot cooperate directly with an E2 in the ubiquitination reaction of a particular substrate: its ability to ubiquitinate a model UFD substrate (Ub-ProtA) requires the presence of a HECT domain E3. Our results do not contradict their conclusion because they only examined the fate of UbProtA instead of following the flow of the Ub molecules. Thus, autoubiquitination of Ufd2p may have escaped detection. It is likely that the nature of the substrate prevents Ufd2p from directly using E2 to ubiquitinate Ub-ProtA. For example, the Ufd2p may have a low affinity to this substrate and thus would require another E3 to initiate the ubiquitination process.
How Ufd2p assists Ufd4p, a HECT domain E3, to extend oligoubiquitin chains remains to be determined. Based on our data we propose the following two possibilities. First, Ufd2p may act downstream of Ufd4p (sequential model in Fig. 9A ). In this model, Ub would be first transferred via Ubc4p to the HECT domain of Ufd4p before being transferred to a substrate. Once a few Ub moieties have been added to the substrate, Ufd4p may become inactive and its role is taken over by Ufd2p. Ufd2p would then transfer Ub directly from an E2 to the substrate to extend the polyubiquitin chain. However, this sequential model does not explain the observation that Ufd2p combined with an E2 is unable to polyubiquitinate a purified oligoubiquitinated substrate Ub-ProtA (6) . In alternative models (cooperative models in Fig. 9B ), Ufd2p would work in conjunction with Ufd4p. The two proteins may form a complex together with the E2 Ubc4p. Within this complex, Ufd2p may promote the transfer of Ub from Ubc4p to a substrate protein directly or via Ufd4p. Alternatively, Ufd4p may serve as a cofactor to activate Ufd2p, allowing it to efficiently polymerize Ub molecules on a substrate once a few Ub molecules have been added to it by Ufd4p. Our crystal structure of the yeast Ufd2p provides a platform for further dissecting the mechanism of Ufd2p-mediated polyubiquitination and its role in ER-associated protein degradation.
Materials and Methods
Protein Preparation. Ufd2p was expressed as N-terminal hexahistidine-tagged fusion protein in pET28a vector as previously described (11) . Nucleotide sequencing showed two substitutions in the expression vector as compared with the yeast genome sequence, Ser102Leu, and Asp677Val, which agrees with the originally published sequence of Ufd2p when it was first cloned (4). The plasmid was introduced into Rosetta (DE3) cells (Novagen) and grown in Terrific Broth at 37°C to an optical density of 0.8. The temperature of the culture was then shifted to 20°C, and cells were induced with 0.25 mM isopropyl ␤-D-thiogalactoside for 10 h. Cells were harvested by centrifugation and resuspended in lysis buffer (50 mM Tris, pH 7.4/300 mM NaCl/10 mM imidazole) with 1 mM PMSF. After lysis by sonication and high-speed centrifugation of lysate, the supernatant was incubated with Ni-NTA resin (Qiagen) for 3 h at 4°C. The resin was washed, and the protein was eluted by using the lysis buffer supplemented with 250 mM imidazole. Bovine thrombin (Haematologic Technologies) was added to remove the hexahistidine tag, and the protein was dialyzed against thrombin digest buffer (50 mM Hepes, pH 7.4/150 mM NaCl/5 mM DTT) overnight at 4°C. After cleavage, Ufd2p was depleted of thrombin by anion-exchange chromatography at pH 7.0. Ammonium acetate (150 mM) was added to prevent Ufd2p from precipitation during column loading under lowsalt conditions. The purified protein was dialyzed against protein buffer (20 mM Hepes, pH 7.0/100 mM NaCl), concentrated to 10 mg/ml, and stored at Ϫ80°C. The protein is a monomer in solution as determined by size-exclusion chromatography coupled to multiangle laser light scattering (Wyatt Technology). A circular dichroism temperature melting experiment revealed a sharp unfolding transition at 52°C (Aviv Biomedical). Selenomethioine (SeMet) protein was obtained as above, except for the following: SeMet was incorporated by metabolic inhibition (27) , 20 mM 2-mercaptoethanol was added in lysis buffer, and after the Ni-NTA elution step all buffers contained 10 mM DTT.
Crystallization, Data Collection, and Processing. Initial screens of crystallization condition were carried out by using 96-well format Index and Crystal Screen HT kits (Hampton Research) on a Phoenix robot (Art Robbins Instruments). Automatic plate scanning by a CrystalPro 2 imaging system (TriTek) identified initial hits. After optimization, crystals of Ufd2p were grown by using hanging-drop vapor diffusion at 20°C. A total of 10 mg/ml native protein was mixed with an equal volume of mother liquor consisting of 19% (wt/vol) PEG-3350, 500 mM sodium malonate (pH 7.0), and 5 mM DTT and equilibrated against 1 ml of mother liquor. Crystals grew to full size (Ϸ0.2 mm ϫ 0.2 mm ϫ 0.1 mm) within 24 h. However, SeMet protein crystals grown under this condition invariably produced multiple lattices that could not be processed. A new condition was found for SeMet-substituted protein at 20% PEG-3350, 300 mM triammonium citrate (pH 7.2), 100 mM NaCl, and 10 mM DTT that produced a single crystal lattice. SeMet crystals were cryoprotected by increasing the PEG-3350 concentration to 30%. Combination of 30% PEG-3350 and 300 mM triammonium citrate quickly produced phase separation when drops were exposed to air at room temperature. Therefore, crystals were first transferred into 40 l of mother liquor on microbridges (Hampton Research), moved to 4°C for 24 h, and then slowly transferred at 4°C into the final condition of 30% PEG-3350, 300 mM triammonium citrate (pH 7.2) and 10 mM DTT, followed by flash-freezing in liquid nitrogen. MAD data were collected at three wavelengths in 20°w edges by using inverse beam geometry. The diffraction pattern generated by Ufd2p SeMet crystals exhibited significant anisotropy. The data set Native2 was collected on a SeMet crystal, which had strong diffraction to d min ϭ 2.7 Å along b* and c*, but along a* the diffraction became relatively weak beyond 3.0 Å. The data set Native1 was collected on a native Ufd2p protein crystal grown under a third condition consisting of 20% PEG-3350, 200 mM tripotassium citrate, and 5 mM DTT. This crystal was cryoprotected as described above, was diffracted to d min ϭ 2.5 Å, and was less anisotropic. Integration, scaling, and merging of the diffraction data were performed with HKL2000 (28) . A summary of the data collection statistics is given in Table 1 . Crystals of Ufd2p formed in space group P2 1 2 1 2 1 with one molecule per asymmetric unit and 62% solvent content.
Structure Determination. The Se substructure was found by using dual-space direct methods with Patterson seeding as implemented in SHELXD (29) . The structure factors, F A , of the substructure were calculated with SHELXC. The correlation coefficient between the signed anomalous difference ⌬F at the peak and high energy remote wavelengths fell below 25% past 3.5-Å resolution; hence, the MAD data were truncated at that resolution. The number of trials was set to 10, and seven of them produced solutions with correlation coefficients Ͼ63.0%. The top solution (correlation coefficient ϭ 64.0) produced 18 selenium sites, and there was a large drop in occupancy for an additional site (0.31 vs. 0.17). The correct hand was determined by observing a much higher contrast value between the protein and solvent densities compared with that of the wrong hand (0.766 vs. 0.145) after density modification in SHELXE. All subsequent phasing, density modification, and refinement calculations were performed by using CNS 1.2 (30) . Experimental MAD phase probability distributions were obtained from the Se substructure. The positions, thermal factors, and anomalous fЈ and fЉ form factors were refined individually for each atom and wavelength. Phases were further improved by density modification and extended to d min ϭ 2.74 Å by using data set Native2.
Model Building and Refinement. The initial model was built by using the program COOT (31). The density-modified, phaseextended experimental map had clear electron density for most helices, loops, and side chains (Fig. 1) . Thirty polyalanine ␣-helices were automatically placed into the electron density map by using the ''Place Helix Here'' feature in COOT. Guided by the 18 selenium sites, it was relatively straightforward to trace the loops and remaining helices and assign the entire sequence of the protein. The progress of model refinement was monitored by using the free R value computed from a randomly omitted set of 10% of the observed diffraction data at 50-to 2.65-Å resolution. The refinement consisted of alternating rounds of torsion angle molecular dynamics simulated annealing, individual restrained thermal factor refinement, and model building in COOT. All model refinement used the maximum likelihood target function using amplitudes and experimental phase probability distribution (option MLHL in CNS). The bulk solvent model refined to an electron density level sol ϭ 0.3 e/Å 3 with B sol ϭ 42.9 Å 2 . The final model of data set Native2(Se) consists of residues 1-25, 34-706, and 719-951 and 94 water molecules.
The higher-resolution data set Native1 was solved by molecular replacement starting with the previous model using Phaser (32) . Initially the entire refined structure of data set Native2(Se) was used as the search model. The electron density map calculated from molecular replacement phases showed that the C-terminal U-box had moved significantly. Consequently the structure was split into two fragments, residues 1-879 and 880-951 (U-box), which were then used as separate groups in rigid body refinement. The resulting model was subjected to molecular dynamics simulated annealing and restrained thermal factor refinement. Refinement used the maximum likelihood target function (option MLF in CNS) using amplitudes of Native1. The bulk solvent refined to an electron density level sol ϭ 0.3 e/Å 3 with B sol ϭ 35.0 Å 2 . The final model consists of residues 1-27, 35-707, and 718-954, 145 water molecules, and one potassium ion. Final model statistics are shown in Tables 1  and 2 . The atomic coordinates and diffraction data have been deposited in the Protein Data Bank [ID codes 2QIZ (Native1) and 2QJ0 (Native2)].
Biochemical Experiments. Binding assay. The biotinylation labeling was performed by using EZ-link sulfo-NHS-Biotin (Pierce) according to the manufacturer's instruction. The E2 binding experiment was performed at 4°C in 300 l of low-salt buffer (50 mM Tris, pH 7.4/50 mM sodium chloride/2.5 mM magnesium chloride/0.1% Triton X-100/1 mg/ml BSA) or a higher-salt buffer (50 mM Hepes, pH 7.3/150 mM potassium chloride/2.5 mM magnesium chloride/5% glycerol/0.1% Triton X-100/1 mg/ml BSA). Ubc4p (3 g) was incubated with 5 g of biotinylated Ufd2p or the Ufd2p mutant lacking the U-box that were immobilized on streptavidin beads. The precipitated complex was analyzed by either Coomassie blue staining or immunoblotting. The immunoblotting was performed by using a fluorescent dye-labeled secondary antibody (A21058; Invitrogen), and the blots were scanned by an Odyssey infrared imager. The data were quantified by Odyssey software. The level of Ubc4p coprecipitated was normalized on the basis of the amount of Ufd2p or Ufd2p⌬Box bound to the beads. Single-round turnover assay. To monitor the single-round Ub turnover, 62.5 nM E1, 800 nM Ubc4p, and 400 nM Flag-Ub were incubated at 37°C for 15 min in a buffer containing 25 mM Tris⅐HCl (pH 7.4) and 2 mM magnesium/ATP. The reaction was quenched by addition of 50 mM EDTA and 10 mM NEM. Subsequently, Ufd2p or the U-box-deleted mutant was added at 278 nM. The reaction was further incubated in the presence of 150 M untagged Ub or methylated Ub. The formation of diubiquitin was analyzed by immunoblotting with anti-Flag antibody. Mass spectrometry analysis. To generate a sufficient amount of material for mass spectrometry analysis, the autoubiquitination of Ufd2p was done in a modified condition based on that of the single-round turnover assay described above: the concentrations of E2 and Ub were 6 M and 17 M, respectively; Ufd2p was added at 1 M; no acceptor Ub was added during the chase reaction, and the reaction time was increased to 1 h. The bands labeled as U1-U8 in Fig. 8H were subjected to an in-gel trypsin digest and then analyzed by LC tandem mass spectrometry. The resulting data show that (i) U1-U4 consists of Ufd2p and Ub, (ii) U5-U8 consists of Ubc4p and Ub, and (iii) the U1 band also contains GST-E1, which comigrates with some of the ubiquitinylated Ufd2p species. Mass spectrometry analyses were performed by the Taplin Biological Mass Spectrometry Facility at Harvard Medical School (Boston, MA) and the Vincent Coates Foundation Mass Spectrometry Laboratory at Stanford University. . . . . . . . . . . . . . . . . . . . . . . . . . . α1  β1  β2   η1  α2  α3  α4   α5  η2  α6  α7  α8  α9  η3   η4 α10  α11  α12  α13   α14  η5  η6  α15  η7  η8  α16   α17  α18  α19  α20   α21  α22  η9  α23   α24  α25  α26  α27  α28  η10   α29  α30  α31  α32 α33 η11 α34 α35 η12 α36 
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